In this work, we focus on the methods for controlling cell function with ferromagnetic disk-shaped particles. We will first review the history of magnetically assisted modulation of cell behavior and applications of magnetic particles for studying physical properties of a cell. Then, we consider the biological applications of the microdisks such as the method for induction of cancer cell apoptosis, controlled drug release, hyperthermia and MRI imaging.
M
ECHANOSENSITIVITY of eukaryotic cells is responsible for such fundamental physiological processes as hearing, proprioception, touch, and control of cell turgor [1] . The idea of using magnetic particles for studying the properties of biological cells was proposed almost a hundred years ago by Heilbronn and Seifriz [2] , [3] . Later in 1950, Crick and Hughes quantified the elastic modulus of the cytoplasm by tracking the movement of different types of iron oxide particles inside cells [4] . Their work served as a basis for multiple publications to appear in the next several decades which were mainly dealing with using magnetic particles for characterization of cell rheological properties [5] - [8] . Meanwhile, the rapid expansion of consumer electronics and the development of the world's power grid in the latter part of the 20th century, eventually led to the discussions about the potential adverse effects of continuous exposure of weak electromagnetic fields on a human body. In 1991, Adair stated that such fields could not have any biological effects on cells due to their extremely low magnitudes ( T) and frequency ( of Hz) [9] . However, as it was soon pointed out by Kirschvink [10] , this statement was clearly in contradiction with such a well-known phenomenon as the ability of honeybees to detect the Earth's magnetic field [11] with the latter being comparable in magnitude to the fields under consideration. A number of studies demonstrated that the dance language and the recruitment behavior of honeybees are mediated by fluctuations in the geomagnetic field [12] , [13] . This was attributed to the presence of magnetoreceptors in the animal body, particularly, the biomineralized magnetite particles [14] . Taking this as a starting point, Kirschvink predicted that the torque exerted on the cell through magnetic particles in a weak extremely low frequency magnetic field (tens of Hz) would be sufficient for opening a single mechanosensitive channel in response to the membrane deformation [10] . For the first time, Kirschvink proposed the mechanism for manipulation of mechanosensitive ion channels by magnetically controlling the movement of biomineralized magnetite particles attached to the cytoskeletal filament anchors. This originated the idea of directly applying magnetic materials for controlling cell function.
In 1993, Wang et al. applied ferromagnetic RGD (Arg-Gly-Asp) peptide coated microbeads for mechanical stimulation of integrin receptors responsible for cell adhesion to the substrate [15] . Pommerenke et al. (1996) later demonstrated that this method of cell activation results in the intracellular calcium response [16] . This work is especially interesting in the context of using magnetomechanical actuation for triggering cell apoptosis since calcium is known to be implicated in multiple steps of this process. It is also interesting to note that already in 1931 Robert Chambers reported on a systematic study on the effects of mechanical stimulation in different parts of a living cell [17] . He demonstrated that mechanical disturbance of the cell membrane may cause the eventual cell death, depending on the exact location of cell probing. His work, even being purely descriptive, appears to be one of the earliest experimental proofs that the cells have characteristic mechanosensitive properties which are tied with the mechanisms governing cell death.
Currently, two-pore domain inward-rectifying potassium channels TREK and TRAAK are among the most widely studied mechanosensitive channels present in cell membrane [18] - [20] . Hughes et al. were the first ones to apply magnetic particles (Fe O and CrO ) for selective targeting of particular locations of the TREK-1 channel [21] . They inserted an engineered poly-histidine tag (a sequence of six histidines) into the external loop of the channel protein and then inserted the tagged channel clone into the membrane of COS-7 cells. This cell type does not express ion channels similar to TREK-1 which makes it an ideal model system for independent studies of this channel. Magnetic particles were attached to the poly-histidine sequence via either Nickel-NTA linker or anti-histidine antibody, both with high affinity to the tag, for selective activation of the channel. The results of this work suggest that the TREK-1 channel can be activated by very low forces on the order of several pN when they are applied directly to the channel. Furthermore, the nonspecific deformations of the cell membrane do not cause any noticeable response in terms of cell current.
The majority of biological applications of magnetic materials developed to date utilize chemically synthesized superparamagnetic particles on the order of tens of nanometers [22] - [24] . While these particles do not interact with each other, their typically small magnitude of magnetization calls for very strong magnetic fields required for their detection and manipulation.
U.S. Government work not protected by U.S. copyright. . The data agree with the concept of magnetization reversal due to nucleation and annihilation of the magnetic vortices. In zero field (remanent state) the vortex core is in the center of each disk, whereas under magnetic field application the vortex shifts (reversibly) to develop the magnetization component parallel to the field (see two representative spin structures shown in the insert). The dashed blue area (in online version) depicts the magnetic field range used in the cell experiments. (Adapted from [26] , [28] . Reproduced with permissions by Nature Publishing group and American Institute of Physics.)
Ferromagnetic particles offer the advantage of higher magnetization levels but their uncontrollable agglomeration due to fringe magnetic fields poses a severe practical limitation. On the other hand, two-dimensional ferromagnetic structures with spin-vortex ground state have zero net magnetization in the absence of the external magnetic field which eliminates the agglomeration problem. The particle aspect ratio plays crucial role in formation of the spin vortex structure. Compared to wet chemistry synthesis, lithographic methods allow for tightly controlled fabrication of particles with virtually any size, shape and composition. Physical vapor deposition, compatible with most types of photoresists, offers a wide choice of materials available for magnetic particle fabrication. In our work, we employ lithographically defined permalloy disks with m diameter for controlling cell function. This paper is organized as follows-following a short historical introduction the Section II focuses on the applications of microdisks for targeted destruction of cancer cells by means of induction of apoptosis which were recently demonstrated by our group. Then in the Section III we review an optimized method for controlling the dynamic behavior of the disks by using two orthogonal magnetic fields and demonstrate its advantages for magnetically driven drug release. Finally, in Section IV and Section V we demonstrate the feasibility of using the microdisks as multifunctional platform for induced drug release, in hyperthermia and magnetic resonance imaging.
II. MAGNETOMECHANICAL INDUCTION OF PROGRAMMED CANCER CELL DEATH
Apoptosis or programmed cell death is a process maintaining the tissue homeostasis and controlling the removal of cells during inflammation [25] . Disruption of regular apoptotic pathways is responsible for the uncontrollable proliferation of cancer cells leading to tumor growth. Our group has recently demonstrated a new method for triggering cancer cell apoptosis by magnetomechanical stimulation of cell membrane with ferromagnetic disks. The method for disks fabrication is described in [26] , [27] . Briefly, the disks were fabricated by photolithographic patterning of a negative photoresist to obtain 1 m diameter pillars which were then coated with 60 nm layer of permalloy by electron beam evaporation. To facilitate the biofunctionalization of the disks, they were additionally coated with 5 nm layers of gold on each side. The particles were released from the photoresist by lift-off. Fig. 1 shows the scanning electron micrographs of the disks before and after the release from the patterned photoresist.
Targeted delivery of the disks to cancer cells was achieved by coating the disks with antibody which is specific to the receptor expressed on human glioma cells. The schematic diagram of the experimental approach can be seen in Fig. 2(a) . Fig. 2(b) demonstrates the confocal image of A172 glioblastoma (human brain cancer) cells with functionalized microdisks on their surface. The inset shows the close up view of the disks. Following the incubation with the biofunctionalized disks and treatment with a weak low frequency a.c. field, the cells showed the signs of apoptotic degeneration 4 hours after treatment.
Magnetomechanical stimulation resulted in the increase of intracellular calcium which is likely to be the result of the mechanosensitive channel activation [26] . Membrane-bound ferromagnetic disks are likely to stretch the cell membrane thus actuating the mechanosensitive channels which respond to the change in membrane tension [29] . Stretch-activated mechanosensitive channels trigger the intracellular calcium response [30] , [31] . The inability of a cell to chemically alter calcium necessitates the cell to regulate its calcium concentration through compartmentalization, chelation, or extrusion [32] , [33] . The prolonged elevated intracellular calcium level triggers apoptosis since the cell is not able to sustain the impact of calcium disbalance [34] . Actin filaments of the cytoskeleton have recently been identified as the key responders to mechanical actuation of cell membrane [35] , [36] .
Similar effect was observed on human glioblastoma cells A172. The cells were stained with acridine orange (AO) and ethidium bromide (EB) to evaluate the apoptotic changes. The final concentration of each dye was 14 g/ml. AO intercalates into DNA making it appear green, whereas in cytoplasm it binds to RNA staining it red [37] . EB enters only nonviable cells with damaged membrane and it stains nucleus red. The cells were cultured in a standard DMEM medium supplemented with 10% fetal bovine serum in a humidified atmosphere at 37 C, 5% CO . Three samples were prepared: 1) control without magnetic disks; 2) cells incubated with magnetic disks; 3) cells incubated with magnetic disks and subjected to a.c. magnetic field (10 Hz, 100 Oe) for 15 min. After the a.c. field treatment of the third sample, all samples were incubated for 24 hours prior to the AO/EB staining. Fig. 3 shows the differential interference contrast (DIC) and the corresponding confocal fluorescence images of the A172 glioblastoma cells. Only the cells which were exposed to a.c. magnetic field [panel (f)] exhibit the signs of early apoptosis as indicated by the enhanced nuclear staining. At the same time, by comparing the distribution of AO/EB staining in panels (d) and (e), one can conclude that culturing glioblastoma cells with magnetic disks present of their membrane does not compromise the cell viability. The absence of orange nuclear staining suggests that for the given cell line, the magnetomechanically induced apoptosis does not necessarily involve the rupture of the cell membrane since EB does not enter the nucleus, at least in the early stages.
III. DUAL MAGNETIC FIELD APPROACH FOR EXPANDING THE RANGE OF FREQUENCY RESPONSE
Magnetic methods allow for precise control over the forces applied to the cell membrane. These forces depend on the size of magnetic particles, the strength of the external field and the mechanical properties of the cell membrane. By controlling the dynamic behavior of the disks, one can potentially increase the efficiency of magnetic treatment for induction of cell apoptosis. In our original work, the disks' rotation was controlled by a single magnetic field. Their dynamic behavior was investigated by monitoring the modulation of light intensity transmitted through the aqueous suspension containing disks/ml. The maximum modulation frequency achieved in this setup was approximately 60 Hz. To expand the range of accessible frequencies, we employed a dual magnetic field setup by using two . magnetic fields orthogonal to each other [28] . Fig. 4(a) shows the schematic diagram of experimental setup and panel (b) illustrates the principle of the disks behavior depending on the direction of the applied magnetic field. Employing the second field leads to significant broadening of the modulation frequency range up to 1 kHz, as seen in Fig. 4(c) The inset graphs demonstrate that the optical signal modulation is well resolvable even at higher frequencies for the dual-field setup. In this case, the relaxation dynamics of the disks is fully controlled by the magnetic field, thus eliminating the constraints of Brownian motion which otherwise poses a limitation on their frequency response. We are currently in the process of testing this method for in vitro cell studies.
IV. MAGNETOMECHANICALLY-INDUCED CONTROLLED DRUG RELEASE
The dual field approach described in the previous section has also been proven to be advantageous for magnetically controlled drug release recently demonstrated by our group [38] . The microdisks were functionalized with chitosan polymer brushes and then loaded with anti-cancer drug doxorubicin (DOX) via entrapping the drug in between chitosan polymer chains on a surface of the disks, Fig. 5(a)-(b) . Chitosan brush in this case serves as the DOX binding agent and also facilitates the dispersion of the disks in solution. The cumulative drug release as a function of time for both single and dual field setups is shown in Fig. 5(c) . A certain amount of drug is released spontaneously without external stimulus application. However, once magnetomechanical stimulus is applied, a drug is "shaken off" the disks carriers. Moreover, an application of two orthogonal a.c. fields allows further increasing of the efficiency of the magnetomechanically-induced DOX release which is likely to be due to larger disk rotation amplitude compared to that for the single field. In addition, the dose of magnetically delivered drug can be controlled by changing the amplitude and the frequency of magnetic field, as seen in Fig. 5(d) . Hyperthermia is one of the widely explored methods for nanoparticle-assisted cancer treatment [39] . Laser-induced hyperthermia with plasmonic particles allows for fast elevation of temperature, however this method is complicated by the necessity of delivering laser light to the desired location in human body [40] . Near-infrared absorbing particles offer a partial solution to this problem, however their applications are still restricted by the tissue penetration depth limiting the access to tumor located in internal organs. Magnetically driven hyperthermia, on the other hand, can be performed noninvasively since the heating of magnetic particles can be remotely controlled [41] . Superparamagnetic particles have been traditionally employed for this application [22] , [39] , [42] . In our work, we demonstrate that ferromagnetic metal microdisks are also instrumental for hyperthermia when subjected to 100s kHz a.c. fields. To demonstrate the proof-of-principle, we imaged 1 ml of aqueous suspension of 1 m diameter disks using IR camera. High frequency (240 kHz) a.c. magnetic field was applied for 10 min. The results shown in Fig. 6 demonstrate that the disks are very efficient mediators of inductive heating and the temperature response can be further improved by using stronger magnetic fields. The specific absorption rate of magnetic disks was measured to be 121.6 W/g for 332 kHz, 141 Oe magnetic field which is comparable to that of Fe O 10 nm nanoparticles reported in the literature (120 W/g at 300 kHz at Oe) [42] . Another facet of multifunctional ferromagnetic disks is their applicability in magnetic resonance imaging (MRI). Metal anisotropically-shaped particles have demonstrated advanced properties as MRI enhancement agents [43] , [44] . We have carried out preliminary MRI studies for comparing the effectiveness of ferromagnetic microdisks as MRI contrast agents with conventional Fe O nanoparticles (11 nm diameter). The particles were visualized in polymer matrix (1% agarose gel serving as a tissue phantom). The concentrations of stock solutions of the magnetic disks and Fe O were determined with Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES). Different concentrations of the magnetic materials were dispersed in the Phantom. MRI measurements of the samples were performed on a Bruker Biospec Avance 9.4 Tesla system.
In MRI, the application of a transverse RF pulse results in proton perturbation [45] . The subsequent process through which these protons return to their original state is known as relaxation a phenomenon that is characterized by two independent processes-longitudinal relaxation (T1-recovery) and transverse relaxation (T2-decay). Local variation in relaxation due to the presence of magnetic nanoparticles results in contrast enhancement. Spin-echo pulse sequences with inversion recovery and multiple spin echoes of various time delays were utilized to obtain pixel-by-pixel T1 and T2 maps of each sample. T1 and T2 relaxation times were measured from large regions of interest and results were inverted to obtain the R1 and R2 relaxation rates. Fig. 7 shows the resulting T2 images for both sample types. The relaxation rate for the magnetic disks was measured to be 140.2 mM S , whereas the Fe O nanoparticles exhibited much lower rate of 83.1 mM S . The results demonstrate that due to significantly higher value of the magnetization of saturation, the ferromagnetic disks provide much stronger MRI enhancement than typically used iron oxide nanoparticles of the same volume concentration.
VI. CONCLUSION
Magnetic materials hold a great promise for noninvasive control over cell function, including targeted drug delivery, hyperthermia, and imaging using magnetic resonance. Superparamagnetic particles were traditionally employed as primary magnetic carriers. However, their intrinsically low magnetization imposes a severe limitation on their applications. Recent application of the ferromagnetic particles with spin-vortex ground state as mediators of cellular mechanotransduction may represent the new development for the "spin-doctoring". Superior properties, such as zero remanence, high saturation magnetization and strong magnetomechanical coupling along with developed technologies of their fabrication at controllable size, shape and composition make these particles promising multifunctional tools in the field of cell biology and medicine. Moreover, the state-of-the-art microfabrications techniques allow for scaling the dimensions of the disks down to less than 100 nm, while still preserving the vortex structure [46] , [47] . This opens a vast realm of opportunities available for employing the microdisk-based methods for in vivo applications.
